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Introduction
There is some concern that migrant Asians to western societies may have poorer musculoskeletal health than the indigenous population. For example, a recent U.S. study found that South Asian women had a higher prevalence than Caucasian women of femoral neck osteoporosis [1] . South Asian women have also been found to have a higher incidence of wrist fracture than Chinese women, although South Asians did not differ from White Caucasian women on these measures [1, 2] . To investigate these epidemiological findings of increased osteoporosis incidence, but similar fracture rates, it is important to examine the differences in bone geometry between South Asians and White Caucasians.
Measures of bone geometry have been associated with prediction of fracture risk [3] [4] [5] , leading to considerable research assessing bone geometry in different population groups [6] [7] [8] [9] . However, this has been limited within the female South Asian population, with most studies only assessing areal Bone Mineral Density, using dual-x ray absorptiometry (DXA).
These studies suggest a lower areal bone mineral density (aBMD) in South Asian compared with Caucasian women [10, 11] . However, aBMD measures do not assess true volumetric density (vBMD), as they are influenced by actual bone size. The smaller bone size of South Asian populations has been found to explain the apparent lower aBMD in this ethnic group as compared with Caucasians [12] .
Furthermore, research suggests that osteoporosis diagnosis varies when western dwelling individuals of South Asian descent are classified using aBMD according to Caucasian as opposed to Indian reference ranges [13] , suggesting this underestimation of bone density may have clinical implications.
Therefore to confirm if South Asians do have a lower bone density than Caucasians, it is important that their volumetric bone mineral densities (vBMD) are investigated in addition to bone structure (e.g. cortical and trabecular density) and size . The known small bone size in South Asians suggests a biomechanical detriment that is likely to lead to increased risk of fracture.
It is possible to measure bone size, vBMD and other aspects of bone architecture using pQCT although to date very few studies have assessed a South Asian sample by this method. The study by Ward et al (2007) [14] assessed the radius by pQCT in premenopausal UK South Asian women and showed a smaller cross sectional area, lower bone mineral content (BMC) and vBMD, smaller cortical thickness and cortical area in South Asians compared to Caucasians [14] . Interestingly, ethnic differences in body size in this study did not explain these differences, and there was no difference in stress-strain index by ethnicity despite the observed differences in bone geometry [14] . The only other study to assess pQCT measures in adult South Asian populations found similar vBMD at the radius in young UK South Asian women compared to Caucasian women [12] . Recently, bone geometry in Chinese women has been examined in detail using HR-pQCT, and it has been found that an increased vBMD and cortical thickness, when compared to Caucasians, may lead to increased bone strength, despite a smaller bone size [9, [15] [16] [17] .
It must be emphasised that the above findings only relate to premenopausal women, and to the radius. To the authors' knowledge there has been no research using pQCT to examine bone geometry of either the radius or tibia in postmenopausal South Asian women, either dwelling in the UK or in South Asia. Therefore, bone geometry data are urgently needed in this group. It would be clinically relevant to assess whether similar bone adaptations are present in South Asian women as have been seen in Chinese women.
Hence, in this study we assessed bone geometry at the radius and tibia, using pQCT, in postmenopausal South Asian women and compared them with postmenopausal Caucasian women. Based on previous research comparing South Asian and White Caucasian populations [12] , we hypothesised that for all sites of the radius, total vBMD would be similar between the two ethnic groups, but with South Asians having a smaller bone size. It is known that postmenopausal women of South Asian origin living in the UK have a higher BMI than their Caucasian counterparts, due to their reduced standing height and increased relative body weight for height. Therefore, it was hypothesised that there would be increased tibial vBMD in South Asians compared to Caucasians, as a result of the increased weight bearing load of a larger BMI on a smaller bone size. 
Materials and Methods

Subjects
Bone densitometry
Bone geometry was measured at the radius and tibia using a Stratec X2000L (Stratec Medizintechnik, GmbH, Pforzheim, Germany; software version 6.20) pQCT scanner. The radius in the non-dominant arm and the equivalent tibia were scanned. Radius slices (2.2mm) were taken at the distal end and at the mid shaft of the radius (4% and 66% sites). Tibia slices (2.2mm) were taken at the distal end of the tibia shaft (4%) and also further up the tibial shaft (14% and 38% sites). Figure 1 illustrates these scan positions, with the parameters measured or calculated at each site. The distal radius (4%) was examined due to the clinical significance of this site. One diaphysial radius site (66%) and two diaphysial sites of the tibia (14% and 38%) were also measured due to the potential importance of considering the morphology of the whole bone for fracture risk.
Equal numbers of South Asian and Caucasian subjects were scanned by each of the two operators of the machine (ALD and OAH). Scanning procedure for both the South Asian and Caucasian women was also identical, using the same pQCT machine and software with standardised instructions. Particularly, the procedure for measuring the length of radius and tibia was standardised and undertaken as per manufacturer's guidelines, Hence, radial object length was assessed as the distance (in mm) from the processus styloideus to the olecranon.
Tibial object length was assessed as the distance from the middle of the inner ankle to the tibial plateau. A scout view of 30 lines, at 40mm/sec was run for each participant for each scan. The reference line was placed at the cortical end plate of the radius or distal end of the tibia, as appropriate. The CT scan was run at 20mm/sec for the tibia and 30mm/s for the radius, both with a voxel size of 0.50mm. For analysis, the threshold for cortical bone was set automatically by the software at 711mg/cm 3 The ratio of cortical thickness in relation to total bone area was calculated ( cortical thickness / total area; abbreviated to CT:ToA). The SSIp is a measure of the bone's ability to resist torsional forces, and was calculated automatically by the software using the formula
2 *a*CD)/r max *ND). 
Statistical Analysis
For unadjusted analyses, independent T-tests were performed to assess ethnic differences in each available pQCT parameter at each site. Analysis of Covariance (ANCOVA) was then used to adjust for age, height and BMI in separate analyses. These confounders were not assessed together due to the high degree of correlation between them. All variables not showing a normal distribution were log transformed prior to statistical analysis, and normality re-checked by Kolmogorov-Smirnov test. PASW (v.18.0) (Chicago, US) was used for the t-test statistical analyses, and GraphPad Prism (v.5.04) (San Diego, US) was used for the linear regression analyses and production of figures. Statistical significance was assessed using the conventional p=<0.05. 
Results
Participant Characteristics
Participant characteristics are given in table 1. South Asian women had a significantly higher BMI compared to the Caucasian women (p=0.007), with the Asians on average being classified as borderline overweight-obese (mean= 29.6, SD=4.2), and the Caucasians on average being considered borderline normal-overweight (mean= 25.9, SD=5.0). There was a small but significant difference in age between the two groups, with Caucasians on average two years older than Asians (66 (4.8) vs. 64 (3.6) years respectively, p=0.05) but no significant difference in years since onset of menopause. Ethnic differences for all pQCT parameters are summarised in table 2 and 3. Values for Asian parameters, as a percentage of Caucasian parameters, are illustrated in figures 2 and 3. In the text, for brevity, unadjusted data is reported, with the adjustments also reported if deemed to be significant to the interpretation of the results.
Distal radius-4%
There was no significant difference in total BMC by ethnicity, even after adjustment for confounders. However, Asians had a significantly smaller area than Caucasians (-18%, (p<0.001) and a significantly greater total density (+13%, (p=0.014). Trabecular area was significantly smaller in Asians than Caucasians (-18%, (p<0.001), but trabecular density was not significantly different.
Radial Shaft-66%
Total area (-15% p=0.039) and age adjusted total BMC (-12% p=0.029) were significantly smaller in the Asians. Cortical area was also smaller in Asians (-10%, p=0.042), but there was no significant ethnic difference in cortical density. In Asians,, the CT:ToA ratio was 108% of that of the Caucasians (p=0.329). This suggests the Asians had a non-statistically significant trend for a thicker cortex in relation to their overall bone size.. In terms of bone strength, SSIp (p=0.023) and fracture load (x axis; p=0.03 and y axis; p=0.02) were significantly higher by around 20% in Caucasians. These differences were not statistically significant when height was controlled for, suggesting they were due to the smaller skeletal size of the Asians.
Distal Tibia-4%
There was no significant ethnic difference in total BMC, but total area was significantly smaller in Asians (-16%, p=0.005). Accordingly, total density was significantly larger (+12%, p=0.003). The increased total density did not remain significant when BMI was controlled for, suggesting this might be influenced by the increased weight for height in the Asians. Trabecular area was larger in Caucasians (+16%, p=0.005); however, there was no significant ethnic difference in trabecular density.
Tibia Shaft-14%
BMC was significantly lower in the Asians (-24%, p=0.013), with total area smaller by 27% (p=0.002) and total density higher by 29% (p<0.001). Also, cortical area was significantly smaller by 19% in Asians (p=0.051), with cortical density 5% higher (p=0.001). The increased cortical density was still significant after adjusting for the confounders, suggesting this was not due to increased BMI. In Asians, the CT:ToA ratio was 174% of that of the Caucasians (p<0.001),suggesting a significantly thicker cortex in the Asians, in relation to their overall bone size. For measures of bone strength, SSIp was significantly reduced in Asians by 37% (p=0.006This difference remained significant, even after adjusting for age, height and BMI (p<0.01).
Tibia Shaft-38%
Total bone area was smaller in Asians (-30%, p=0.003) with a smaller BMC (-27%, p=0.004). There was no significant difference in total density, or cortical density by ethnicity. Cortical area was significantly smaller by 28% (p=0.004) and cortical thickness was significantly smaller by 17% (p=0.035). The CT:ToA ratio in the Asians was 117% of that of the Caucasians (p<0.001). However, In Asians, SSIp was significantly reduced by 38% (p<0.001). Fracture load was also reduced in Asians by 30%(y axis; p=0.02) to 40% (x axis; p<0.001)
BMI relationships with tibia measurements
The associations between BMI and the tibial adaptations (tibial total density and tibial cortical thickness) seen in the Asians were examined for both ethnic groups by linear regression. In Caucasians, there were weak, but statistically significant, positive relationships between BMI and total density at the 4% (R 2 =0.177, p=0. Figure 4 .
Discussion
Radius
At the distal (4%) radius, we found smaller bone size and a similar BMC between Caucasians and Asians, with the smaller bone size in the Asians leading to increased total density. In contrast, for the mid shaft (66%) radius, although we found a smaller area, we also found less BMC, and thus similar bone density to that of Caucasians. Interestingly, cortical thickness at the 66% radius was also proportionately thicker (for overall bone size) in the Asians.
These findings suggest an ethnic difference in radial bone geometry at the distal radius, which, due to smaller bone size, are predicted to translate into poorer bone strength in Asians.
Indeed, much lower radial bone strength (strength strain indexes) was predicted in Asians than Caucasians. This difference did not persist when height was controlled for, which suggests that lower bone strength in the Asians was mainly explained by their smaller bone size. As SSI and fracture load calculations do not consider the thickness of the cortex, further modelling or mechanical testing would be required of the bone properties to assess whether a thicker cortex in Asian women at the diaphysial radius increases bone strength. Also, SSI and fracture load calculations were only assessed at the mid shaft radius, so this estimate did not consider the increased total density seen at the distal site. Despite the limitations of using the SSI and the fracture load as measures of bone strength, the existence of such poor estimated radial bone strength in Asians is a matter of concern, considering the increased risk of fracture this would predict. It is particularly of concern that slender bones may also contain more damageable bone material [18] .
In terms of previous research, our finding of a smaller radial bone size in Asians concurs with findings in younger South Asian women [12, 14] and in other Asian groups (e.g. Chinese [9] , Vietnamese [19] ). However, some of our findings are in contradiction to previous research.
Islam et al, (2011) [20] found that premenopausal women of Bangladeshi origin had no differences at the distal (4%) radius in total BMC, total area or trabecular density when compared to Finnish Caucasians. This supports our finding of no ethnic differences in BMC and trabecular density but contrasts with our results where we found smaller bone area at this site in South Asians. At the mid shaft radius, Islam et al, (2011) [20] found that the Bangladeshi women had smaller total BMC, total area, cortical area, and cortical density, but a similar SSI to the Caucasians [20] . This is again similar to our results, except that we found equivalent cortical density and BMC at this site, a thicker cortex (in proportion to bone size) and a lower SSI. Ward et al (2007) [14] found no differences in trabecular vBMD, total vBMD or total area at the distal radius in their premenopausal South Asian women. These results are in discordance to our older South Asian cohort who showed a smaller total area at both the distal and mid shaft radius, as compared to Caucasians, as well as increased total density at the distal radius. The most likely explanation for the differences between our study results and that of previous research is the postmenopausal status of our participants. Indeed, age and oestrogen status are important determinants of bone structure, so it is difficult to compare the results of our postmenopausal South Asian women with that of studies of premenopausal women, as all of our postmenopausal women grew up on the South Asian continent. Therefore, their childhood nutrition and lifestyle factors (e.g. exercise) are likely to be different from that of South Asian premenopausal women, who are usually born in the UK, or enter the UK at a very young age. This is likely to have affected their bone development, including that of peak bone mass.
Tibia
For the distal tibia, we found that bone in Asians is similar in structure to Caucasians, with all parts in proportion but on a smaller scale. However, we also found increased total density at this site in Asians. This increased total density did not remain significant when BMI was controlled for. This suggests that the total density at this bone site was influenced by the increased weight for height in the Asians, which perhaps causes increased compression strain at this tibia area. However, the finding of no relationship between BMI and total density at the 4% site in Asians did not support this conclusion.
At the 14% tibia, as at the distal tibia, we found a higher total density and higher cortical density in Asians than Caucasians, due to increased bone mineral relative to smaller bone size. Again, we could speculate that this may be an adaptation to offset the detrimental effect of increased body weight for height, but this was not supported by the data on relationships between BMI and tibial total density in Asians. Bone strength (SSI) in our South Asian women at the 14% site was also consistently and substantially (30-40%) lower than in the Caucasians. This was despite an increased cortical density which suggests the strength detriment was due to smaller bone size. Last, for the 38% tibia in Asians, our findings again suggested a bone that is smaller, but proportionately similar in structure to Caucasians.
However, interestingly, there was an increased cortical thickness in relation to overall bone size (i.e. the same cortical thickness as that of Caucasians, but in a smaller bone) and also reduced SSI and fracture load. Despite this, there was no increased bone density at this site. This is likely due to the priority for offsetting torsion and bending forces at the more mid shaft section of the tibia, rather than compressive strength.
In terms of comparing our tibia data with previous research, unfortunately there are no known South Asian data at the tibia to compare with our older South Asian sample. However, tibial bone geometry has been studied in Chinese women. It is well established that Chinese women have both a thicker cortex and thicker trabeculae inside a smaller bone size [21] .
These adaptations may be beneficial in improving bone strength as more bone mineral within a smaller bone size will reduce the amount of bone remodelling. This is due to a lower surface area (with the denser bone), for remodelling to take place, which is especially important during ageing [21] . We saw this adaptation in our older South Asian women, with all sites having a smaller bone size with either equivalent mineral mass, or proportionately more mass for size than Caucasians.
Interestingly, the ethnic difference in overall bone size seen in our present study was even larger than that previously reported for older Chinese and Caucasian women by Walker et al (2011) [9] . Our study showed a 15-20% smaller total area at the radius and 16-38% smaller total area at the tibia in the Asians as compared with the Caucasians. This is in comparison to 10% smaller area at the distal radius and 8% smaller area at the distal tibia seen in the Chinese women [9] . As described above, we found a higher cortical thickness (in relation to size) in Asians at the 38% tibia as compared to Caucasians. An increased cortical thickness has also been seen in other groups of East Asian women at the radius and tibia, and femoral neck [6, 9] . Walker et al (2011) [9] found a significantly higher cortical thickness (+10% tibia, +18% distal radius) in older Chinese women compared to older Caucasian women. These differences could be partly explained by differences in anthropometry between South Asian and Chinese women. A recent study found that 50-69 year old South Asian women had a significantly higher BMI than Chinese women [1] . In agreement with this, our South Asian women were of a similar height, but heavier body weight, as compared with the Chinese women in the study by Walker et al [9] . Therefore, it appears that South Asians have an increased weight for height, as compared with Chinese women. This means they are likely to have an even greater need for adaptations at the tibia to withstand increased loading.
However, we did not find the increased trabecular density at the distal sites that has been seen in some [9, 16] but not all studies [9, 19] of East Asian women. The differences in resolution in the two different types of pQCT and site positioning used in our study as compared with other studies may explain some of this variation, as well as the different ethnic groups studied.
Relationships between BMI and geometry of the tibia
As mentioned above, it would be thought that some of the tibial adaptations may be due to increased BMI in the Asian women. However, the lack of statistical significance for the relationship between tibial total density and cortical thickness and BMI in the Asians does not support this hypothesis. Nonetheless, it is possible that this analysis was underpowered, due to small numbers of Asian participants. Indeed, there was a weak, but statistically significant relationship between BMI and total density, and between BMI and cortical thickness in the Caucasian women, for whom a larger sample existed. Also, in some cases (e.g. 14% total density), the Asians had a larger correlation coefficient than the Caucasians, although this was not statistically significant. This suggests that at least for some bone parameters, the small sample size is affecting the significance of the results. Alternatively, we can speculate that the ethnic differences seen in this study are due to adaptations to improve strength in a smaller bone. This seems very likely due to the adaptive ability of bone to change its structure in response to an increased weight for height. In addition, it is not known whether there are other ethnic differences in the growth or ageing process which could also underpin these differences. In terms of ageing, there is some research which suggests there is a very fast rate of bone loss after the menopause in South Asian women [22] .
Limitations
There are some limitations to this work that should be considered. It is likely that there are bone architectural differences between South Asians and Caucasians which are not measurable without the use of HR-pQCT (e.g. connectivity, number and thickness of individual trabeculae). Also, the scope of our study was restricted to a small number of younger elderly, postmenopausal women. Our Asian women were of relatively high socio-economic status and reasonably good health, so are likely to be an optimistic description of the true bone health of the wider population group.
Conclusion
To conclude, we found that older South Asian women have smaller bone size, and heavier body weight for skeletal size, but have some structural adaptations to improve strength.
These include increased total density at the distal radius and distal tibia, as well as a higher total density and higher cortical density at the 14% tibia. There was a proportionately thicker cortical thickness in relation to bone size at the 66% radius and 38% tibia. However, despite these adaptations, the wider implications are that South Asian women are still likely to be of higher fracture risk than same-age Caucasians, because of the substantial negative contribution to strength of a smaller bone size. 
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